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Traditional reliability evaluation method for corroded pipeline exists the problem of not consid-
ering the associated defects. We therefore propose a new calculation method considering the
associated defects. In this paper, the traditional and new methods are respectively used to calculate
and contrastively analyze the failure probability of corroded pipeline; we then perform the research
of residual life prediction for the corroded pipeline, followed by the sensitivity calculation of all
random evaluation parameters. And then the Monte Carlo method (MCS) is applied to verify the
rationality of the new method. The research results show that: the method considering associated
defect is more objective, and truly react corroded pipeline's dynamic reliability changes; obtain
newmethod to predict residual life of corroded pipeline; corrosion depth, radial corrosion rate have
a signiﬁcant impact on reliability of corroded pipeline considering associated defects. The calcu-
lation results of the method are more accurate, more time-saving.
Copyright © 2015, Southwest Petroleum University. Production and hosting by Elsevier B.V. on
behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Considering the stability and security of the pipeline structure,
in order to reduce the failure probability and prolong the service
life of oil and gas pipelines, it's necessary to quantify the degree of
attenuation of structure performance. Thereby, we can optimize
the repair scheme and avoid the sudden failure of the pipeline [1].
The deterministic mechanics analysis method is usually
applied to the conventional pipeline reliability analysis [2].
However, in fact the uncertainty caused by the corrosion defect
size, pipe material characteristics and working environment and
so on inﬂuence the pipeline reliability analysis greatly [3]. At
present, even though the inﬂuence of uncertain factors on reli-
ability has been considered, but most of them are based on the
assumption that the corrosion defects on the mutual are inde-
pendent. Nevertheless, for the reason of the work environmenttroleum University.
ier on behalf of KeAi
niversity. Production and host
creativecommons.org/licenses/band operational errors, the corrosion is a region, so the defects
are interrelated and interplay. As a consequence, the indepen-
dent suption is uncorrect in practice. There is great conservatism
to calculate reliability by using the theory of conditional inde-
pendence assumption [4].
Furthermore, many scholars have made great efforts on the
reliability of the pipeline and try to obtain the reliability theory
which can satisfy the objective law of corroded pipeline with
associated defects. Hai Long-Zeng [5] considered the effect of
corrosion associated defects, but it just could get the failure
probability of the upper and lower bounds and is not able to
calculate the failure probability value of associated defects
accurately. In 2005, David et al. [6] used the ﬁrst order and sec-
ond moment method (FOSM) to do reliability analysis about
associated defects of corroded pipeline. However, FOSM can't get
high accuracy results when the limit state function is strong
nonlinear. According to the fatal weakness of FOSM, the
advanced ﬁrst order and second moment method (AFOSM)
overcomes this defect. In 2011, Wang Weihu, Lv Zhenzhou et al.
[7] used the adaptive truncated sampling method to analyze
reliability of corroded pipeline with associated defects. Although
it improved the computational efﬁciency, it had low calculation
stability, which couldn't be accepted by the engineering
problems.ing by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open
y-nc-nd/4.0/).
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pipelines as the starting point and develops the research on the
reliability and sensitivity analysis mathematical model of
corroded pipeline with associated defects. Then it predicts the
remaining life of corroded pipeline with associated defects by
using AFOSM and provides a more objective and effective reli-
ability analysis method. Meanwhile, although MCS is time-
consuming and complicated, as long as the calculation times is
much enough, it has the characteristics of relatively accurate, so
it is usually used to check precision of various reliability analysis
methods [8].2. Reliability analysis model of corroded pipeline
2.1. Conventional failure probability analysis model
Standards for evaluating pipeline failure pressure are ASME
B31G, Modiﬁed ASME B31G, Battelle, DNV-99, Shell-92 etc. and
the Modiﬁed ASME B31G is the most widely used among the
existing industry standards. The Modiﬁed ASME B31G standard
is development from a full-scale burst test of pipe with defect,
which is suitable for the evaluation of residual strength of
pipeline with volume defects. Besides, it is also used to evaluate
the situation that the corrosion depth between 10% and 80% of
the wall thickness which is caused by internal and external
corrosion [9]. For the pipeline just suffered internal pressure, the
effect of circumferential stress is the dominant factor [10]. Ac-
cording to this model the failure pressure formula of pipeline is
given by:
Pf ¼ ð2ðQ þ 68:95Þt=DÞ*ðð1 0:85d=tÞ=ð1 0:85d=MtÞÞ
G<4 (1)
G ¼ 0:893L
. ﬃﬃﬃﬃﬃ
Dt
p
(2)
where Q: the yield strength of pipe, t: pipewall thickness, D: pipe
outer diameter, d: corrosion depth of pipeline, M: expansion
factor, L: defect length.
M ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ 0:6275L2ðDtÞ  0:003375L4D2t2q
L2
.
ðDtÞ  50 (3)
M ¼ 0:032L2
.
ðDtÞ þ 3:3
L2
.
ðDtÞ>50 (4)
where L: the length of corrosion, t: pipe wall thickness, D:
corroded pipeline (outer) diameter.
According to the statistical analysis of the previous test data,
we obtain that the assumption on linear growth of corrosion rate
is reasonable [11]. Based on this assumption, the initial value of
the length, the depth can be indicated by L0, d0. So the steady
growth prediction equation of corroded pipeline at T moment is
given by:
L ¼ L0 þ VaðT  T0Þ (5)
d ¼ d0 þ VrðT  T0Þ (6)In order to analyze the probabilistic characteristics of the
development process of oil and gas corroded pipelines and
evaluate the reliability of corroded pipeline, the corresponding
limit state function is given by:
gðxÞ ¼ Pf  P (7)
where Pf: pipe failure pressure, P: pipeline operating pressure.
Plug (5), (6) into (7), the new limit state function of corroded
pipeline is given by:
gðxÞ¼ ð2ðQ þ68:95Þt=DÞ* ð10:85ðd0þVrðTT0ÞÞÞ=tð10:85ðd0þVrðTT0ÞÞÞ=Mt
P
(8)
If g (x) > 0, the pipeline is reliable; g (x) < 0, the pipeline is
failure.
By using the AFOSM method to do reliability analysis, the
failure probability of pipeline with single corrosion defects is
given by:
Pf ¼ Pðg<0Þ ¼ FðbÞ (9)
where F is standard normal distribution; b is the reliability
index.
b ¼ ug

sg (10)
where ug and sg stand for the mean and standard deviation in
the limit state function (8). There are lots of corrosion defects in
corroded pipeline and its failure probability are Pf1, Pf2, Pf3…
Pfn. So under the situation that the conventional assumption, the
failure probability can be expressed as follows [12]:
Pf ¼ 1
Yn
i¼1

1 Pfi

(11)
1.2. Failure probability model of corroded pipeline with
associated defects
The AFOSM analysis method is very efﬁcient because it
spreads the limit state function at design point (A point which
make the largest contribution to failure probability), whichmake
the approximate value of the failure probability get higher ac-
curacy [13]. Because of the relevance of corroded pipeline's de-
fects, we can't simply assume that the defects are individual from
each other. According to the probability theory, the failure
probability of n defects as follows:
Pf ¼
Z
U1∪U2∪…Un
…
Z
fx1;x2;…xnðx1…xnÞdx1…dxn (12)
where Ui ¼ (g < 0) for a single defect failure events fx1 x2…xn
(x1…xn), the joint probability density function of failure for n
defects. But it is difﬁcult to determine the joint probability
density function of a number of defects. So Kounias and Hunter
put forward the theory mode of upper and lower bounds of to
calculate failure probability [5].
Pf1 þmax
2
4Xn
i¼2
8<
:Pfi 
Xi1
j¼1
P

Ei; Ej
9=;; 0
3
5  Pf

Xn
i¼1
Pfi 
Xn
i¼2
max
j< i
P

Ei; Ej

(13)
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mula and the calculation is difﬁcult. For the normal variables,
Ditleevsert put forward the famous two order narrow reliability
theory.
max½PðAÞ; PðBÞ  PEi; Ej  PðAÞ þ PðBÞ (14)
PðAÞ ¼ FðbÞF

 bj  rijbi. ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ1 r2ij
q 
(15)
PðBÞ ¼ FðbÞF

 bI  rIJbJ. ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ1 r2IJq  (16)
where Вi, bj reliability index are the two corroded defects, Pij
correlation coefﬁcient of two defects. The joint probability den-
sity function (13) can be represented by the boundary function
(14), but the Ditlevsert's two order narrow reliability theory,
with the increase of correlation coefﬁcient the failure probability
interval estimation is also increased. When it comes to the
pipeline's reliability estimation, it's not only should calculate the
reliability limit of corroded pipeline, but also need to calculate
the failure probability of corroded pipeline. So failure probability
of n associated defect formulas is given by Ref. [5]:
Pf¼Pf1 þ ð1 r12ÞPf2 þ…þ ð1 r12…nÞPfn (17)
rij ¼ F
bijþ Pfi.PfjCijFbji (18)
Cij ¼ 0:5

r2ij þ rij
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 r2ij
q 
(19)
bij ¼

bi  rijbj
. ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 r2ij
q
; bji ¼

bj  rijbi
. ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 r2ij
q
(20)
where r12…n is Correlation between r12…n1 and rn, P 12…n
is expressed as:
r12…n ¼ max

r1;n; r2;n;…rn1;n
	
(21)
rij ¼ 0 has two defects are independent of each other, rij ¼ 1 the
two defect completely related, 0 < rij<1 means the two defect is
not completely independent is not entirely associated.3. Corroded pipeline reliability sensitivity analysis model
Pearson moment correlation coefﬁcient indicates the linear
correlation relationship of parameters, on the premise of
assuming that the distributions of random parameters are
normal distribution. However, Spearman calculated the rank
correlation coefﬁcient of the parameters without assumption,
which is non parametric correlation and has more widely
application in the pipeline reliability evaluation [14].Table 1
Random parameters for reliability evaluation.
Parameter name Symbol Dimension
Pipe diameter D mm
wall thickness t mm
Pressure P MPa
The yield strength Q MPa
Corrosion depth d mm
corrosion length L mm
Radial corrosion rate Vr mm/a
Axial corrosion rate Va mm/arsxy ¼
 Xn
i¼1

Ri  R

Si  S
!, ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃXn
i¼1

Ri  R

Si  S
vuut (22)
R ¼ Q ¼ ðnþ 1Þ=2 (23)
Xn
i¼1

Ri R2 ¼Xn
i¼1

Qi Q
2 ¼ nn2  1.12 (24)
rsxy ¼
 
12
Xn
i¼1
RiQi 3nðnþ 1Þ2
!.
n

n2  1

(25)
The reliability sensitivity is the ratio of the change of failure
probability caused by the change of random variables, which
reﬂect the effect degree that basic random variables has on
failure probability. Reliability sensitivity analysis is based on the
basis of reliability. Dimensionless regularization reliability
sensitivity can give the importance ranking on the random pa-
rameters that have effect on reliability. According to equation
(25), we can calculate the Spearman correlation coefﬁcients
among every random variable and limit state function by using
ASOSM and then do the Spearman correlation coefﬁcient's
squared percentage ﬁgure.
4. Analysis of cases
Take the pipeline from Chengxian to Guangyuan as an
example, it is 90 km in Lan-Cheng-yu pipeline. The random
evaluation parameters data are shown in Table 1.
4.1. The failure probability of corroded pipeline with associated
defect
4.1.1. Using the two order narrow reliability theory to verify the
correctness of the new model
Dual mode of lower and upper bound theory is conducive to
study the system uncertainty. As for the independent failure
model, when the failure probability is very small, and the cor-
relation coefﬁcient is relatively small, the lower and upper limit
range is narrow [15]. Figs. 2e4 shows the defects number of
n ¼ 3, n ¼ 4, n ¼ 5, the failure probability is between the upper
and lower bounds, and with the increase of the defects number
the failure probability of associated defects is close to the upper
bound, so illustrates the rationality of the calculation method. At
the same time, the results of failure probability of corroded
pipeline with associated defects consistent with the trend of
literature [6], have illustrated the validity of the analysis method.
But the literature [6] did not consider the multi factor problem of
random parameters. Make no prediction of corroded pipeline
life, nor do the quantitative analysis of the impact factors of
random parameters. This paper tries to further improve theDistribution type Mean Variance
Normal distribution 508 0.02
Normal distribution 7.1e11.1 0.02
Normal distribution 11 0.1
Lognormal distribution 415e565 0.07
Normal distribution 2.5 0.1
Normal distribution 260 0.1
Normal distribution 0.0213 0.0017
Normal distribution 0.0234 0.002
Fig. 1. The two associated and independent defects failure probability curve. Fig. 3. The four associated and independent defects failure probability curve.
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actual engineering.
4.1.2. The comparison analysis of the failure probability of
pipeline's independent corrosion defects and associated defects
We know that the defects of the traditional conditions that
are independent will cause the calculation results tend to be
conservative [6]. As shown in Figs. 1e4, they are failure prob-
ability of pipeline with 2, 3, 4, 5 corrosion defects. The failure
probability is increased gradually with the increase of the
number of defects when corrosion defects is independent, This
is because the pressure gradually close to the yield strength and
ultimate tensile strength in the defect area, Therefore the
ability to resist the deformation and destruction is in reducing.
The failure probability of associated defects is lower than the
failure probability of independent defects. When the number of
corrosion n ¼ 3 (see Fig. 2), the failure probability gradually is
decreased with the increase of the correlation coefﬁcient. By
the theoretical formula (17) can be proved, Pf12 will increase
with the increase of the correlation coefﬁcient, so the overall
failure probability will be reduced. When r ¼ 0, the failure
probability of pipeline is 2.36  103; when r ¼ 0.9, the failureFig. 2. The three associated and independent defects failure probability curve.probability of pipeline is 1.88  103. The results of the failure
probability under the condition of associated defects, are be-
tween the independent (r ¼ 0) and maximum correlation
(r ¼ 0.9).
4.1.3. The relationship between the number of associated defects
and failure probability of corroded pipeline
Fig. 5 shows that the failure probability will increase with the
number of defects increasing when the correlation coefﬁcient is
less than or equal to 0.6. The number of defects on the impact of
failure probability is not obvious when the number of defects is
greater than or equal to 4, whichmainly due to the stage that will
reach the saturated yield limit of pipeline, when the number of
defects on the pipeline's stress had no effects, so the pipeline is in
safe working condition; when r > 0.6, with the increase of the
number of defects, the failure probability doesn't increase at all.
In other word, to a certain extent, the correlation coefﬁcient is
large enough, the inﬂuence of the number of defects on the
failure probability is not obvious, a uniform corrosion of a
regional phenomenon. In order to ensure the safe operation of a
pipeline, master the change of the pressure of corroded pipeline,
ultimately determine the residual life of pipeline, we make a
further analysis in the following section.Fig. 4. The ﬁve associated and independent defects failure probability curve.
Fig. 5. The curve between the number of associated defects and failure probability.
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Based on the target reliability, which determine the remain-
ing life of the corroded pipeline. DNV and API Standard Speciﬁ-
cation pointed out that the maximum failure probability is not
greater than 105, 105 as a starting point for evaluating the
residual life of corroded pipeline. Fig. 6 shows the relationship
between the service time and the failure probability of pipeline.
When the service time is less than 21 years, the failure proba-
bility is almost zero, when the pipeline resistance is far greater
than the pressure, which is in the safe operation stage; the
operation time in 21 years, with the extension of time, the
structure of small changes will cause the failure probability
greatly increased of the whole system, pipeline's security
become very sensitive. By AFOSM analysis, when n ¼ 1, T ¼ 25,
the failure probability reached 1e-5. When n ¼ 2, T ¼ 23.5, the
failure probability is up to 1e-5. When n ¼ 3, T ¼ 23, the failure
probability reached 1e-5. When n ¼ 4 and n ¼ 5 T ¼ 22, the
failure probability is up to 1e5, therefore to predict the
remaining life of corroded pipeline, and take corresponding
measures in a timely manner. r ¼ 0.7 and r ¼ 0.8 the corre-
sponding n ¼ 4 and n ¼ 5 two curves almost coincide, also
veriﬁed the conclusion of 3.1 (3). That is, when p > 0.6, inﬂuence
of the number of defects on the failure probability is very small;
ﬁrst order second moment method (FOSM) analysis diagram
shows, when n ¼ 2 T ¼ 24, the failure probability reached 1e5.Fig. 6. Life prediction curve of corroded pipeline with associated defects.Under the same conditions, the failure probability of AFOSM is
less than the value of FOSM. This is because AFOSM is starting at
the design point of the nonlinear limit state function (8). It is in
the point which is the biggest contributing to the failure prob-
ability. Therefore, AFOSM has a higher accuracy to approximate
failure probability of corroded pipeline.4.3. Verify the reliability analytical methods
With the method in this paper, the correlation coefﬁcient of
the pipeline is 0.3, using MCS and AFOSM to calculate failure
probability of corroded pipeline and make comparative analysis
in Fig. 7 and Table 2. As shown in Fig. 7, there are no signiﬁcant
differences between the failure probabilities of the twomethods,
onlywhen the correlation coefﬁcient is relatively small therewill
be a slight gap. This is because when the correlation coefﬁcient is
relatively small, closing to the defects independent with each
other, and the Monte Carlo method is conservative. But with the
increase in the correlation coefﬁcient, the failure probability
curves are almost coincide, indicating the validity of the pro-
posed method.
As can be seen from Table 2, when the number of cycles is
increased, the failure probability is varied within the range of
0.001% by AFOSM and the failure probability of MCS in the range
of 0.011%. At the same time it is clear that the increase in the
calculation time of the AFOSM is not obvious, while the MCS
computation time increase is very obvious, which shows that the
calculation of AFOSM is high efﬁciency.4.4. Sensitivity analysis of corroded pipeline
As shown in Fig. 8 and 9 each random assessment parameter
sensitivity analysis with AFOSM of two situation namely Inde-
pendent defects and associated defects, respectively. Each
random parameter ratio represents the impacting extent on
corroded pipeline reliability, positive number indicates a positive
correlation while a negative number indicates a negative one.
As shown in Fig. 8, when any one of them as a random vari-
ables and the other six variables as a given value, calculating each
random parameters' spearman rank correlation coefﬁcient of
limit state function, the proportion of radial corrosion rateFig. 7. Comparison of two calculation results.
Table 2
Comparison of two calculation results.
AFOSM MCS AFOSM MCS
Number of cycles Failure
probability
Failure
probability
Time (s) Time (s)
10^4 0.00231 0.00221 4 10
10^5 0.00231 0.00226 4 107
10^6 0.00232 0.00228 19 1019
10^7 0.00232 0.00230 32 100,006
10^8 0.00232 0.00232 45 100,004,509
Q. Li et al. / Petroleum 1 (2015) 244e250 249Va(39.32%), the corrosion depth d(17.48%) and the yield strength
Q(4.68%) are relatively large, which have the most signiﬁcant
impact on the reliability.
As shown in Fig. 9 under the case which considered interre-
lated defects, considering the inﬂuence on the reliability caused
by the uncertainty of seven associated random variables, the
calculation results increased the impact of Va, d, Q, the radially
corrosion velocity increased from the 39.32%e48.62%, which can
highlight the impact of reliability caused by the important
random assessment parameters. The reliability of the pipeline
decreasing rate is inversely proportional to the Va and d.
Therefore, in order to obtain a more accurate assessment of the
reliability of the pipeline, the value of important parametersFig. 8. Sensitivity analysis of corroded pipeline with independent defect.
Fig. 9. Sensitivity analysis of corroded pipeline with associated defect.should be determined as accurately as possible during testing the
pipeline. Parameter Sensitivity analysis can also guide the project
to get higher reliability and better quality by controlling the
important parameters, while minimizing the production costs by
adjusting the unimportant parameters.5. Conclusion
(1) Compared with the traditional method, failure probability
considering the associated defects of corroded pipeline is
smaller than the failure probability of traditional inde-
pendent defects. With the increase of the correlation co-
efﬁcient, the failure probability of traditional independent
defects is gradually reduced. The failure probability
considering the associated defects between the values of
upper and lower bounds, and close to the upper bound, to
prove the rationality and objectivity of calculation method
considering the associated defects, and overcome the
shortcomings of the traditional method that is too con-
servative. To provide a scientiﬁc basis for accurate analysis
of pipeline safety;
(2) When the r < 0.6 value, with the increase of the number of
defects， failure probability increases gradually, when the
r > 0.6 value, the number of defects increased almost has
no effect on the failure probability;
(3) To calculate and contrast analysis the failure probability
results of corroded pipeline using AFOSM, FOSM, MCS,
then the AFOSM calculation results more objective, accu-
rate, time-saving, high efﬁciency;
(4) The radial corrosion rate Va, the corrosion depth d, the
yield strength Q are the three key factors affecting the
corroded pipeline's reliability, especially in a correlation
model. Therefore, we should increase the weight of these
three parameters in the reliability assessment of corroded
pipeline. At the same time, the pipeline anticorrosion
technology that decrease the corrosion rate, can improve
the reliability of the corroded pipeline, prolonging the
service life of the corroded pipeline.References
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